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Abstract
The technological importance of III–V nitride semiconductors relies on their variety of
applications, which cover optical, optoelectronic and electronic devices capable of operating
under extreme values of current, voltage and temperature. The major roadblock for full
realization of the potential of nitride semiconductors is still the availability of affordable
large-area and high-quality native substrates with controlled electrical properties. Despite the
impressive accomplishments recently achieved by techniques such as hydride vapour phase
epitaxy and ammonothermal for GaN and sublimation for AlN, much more must be attained
before establishing a bulk growth technique of choice to grow these materials. A brief review
of the structural, optical and electronic properties of the state of the art of bulk and thick-film
(quasi-bulk) nitride substrates and homoepitaxial films is presented, and a few device
applications are also highlighted.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

The III–V nitride semiconductor material system possesses a
unique combination of extreme values of fundamental physical
and chemical parameters. This unusual characteristic places
it as one of the most promising material systems for the
fabrication of a variety of optoelectronic and electronic devices
capable of performing under extreme conditions of power,
frequency, temperature, and in harsh environments. The direct
gap of AlN, GaN and InN, and its ternary and quaternary
alloys covers the energy spectral range from 6.0 eV (∼207 nm)
to 0.7 eV (∼1.77 µm). In addition, the wide bandgap of the
nitride material system results in a low intrinsic carrier density
that leads to low leakage and low dark current, a crucial
property for photodetectors and high-temperature electronic
applications. Despite the large carrier effective masses, leading
to lower carrier mobilities, their high saturated velocity and
high breakdown field make them adequate for high-frequency
electronic device applications.

Presently, the major hurdle for full realization of the
device potential based on the III–V nitrides material system
is the lack of large-area, high crystalline quality native
substrates with controlled electrical properties. Considerable
progress has been accomplished lately on the growth of bulk
AlN. Sublimation–recondensation (S–R) and physical vapour
transport (PVT) have been successfully used to grow AlN
boules with diameter between 10 and 50 mm. Unlike AlN,
GaN does not sublime, precluding the use of these techniques
for bulk GaN growth. High-pressure and low-pressure solution
growth techniques, ammonothermal (a modification of the
successful hydrothermal technique used to grow quartz) and
other implemented approaches have been employed to address
the technical difficulties of bulk GaN growth. This lack
of adequate substrates for homoepitaxial growth compelled
the material scientist to develop a deep understanding of
the nucleation process and to optimize the properties of
nucleation (buffer) layers necessary to mitigate problems
related to heteroepitaxial growth [1, 2]. As a result, the
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Figure 1. Schematic diagram of III/V nitrides wurtzite structure.
The sequence of the group III and nitrogen in the bilayer determines
the crystal polarity.

deposition of device-quality films on foreign substrates such as
sapphire, Si and SiC, among others, was accomplished. These
heteroepitaxial films are characterized by reduced intrinsic
n-type background carrier concentration, which allows carrier
type control, and relatively smooth surface and improved
crystalline quality [3]. Such templates have been successfully
employed to fabricate a number of commercial optoelectronic
and electronic devices [4, 5].

Despite these remarkable achievements, the properties of
thin heteroepitaxial nitride films are still seriously limiting
the performance of devices demanding higher material yields,
e.g. solid state lighting (SSL, which requires high quantum
efficiency LED), laser diodes (LD) and high-frequency/high-
power electronic devices (e.g. FETS, HEMTs). The
high growth temperature usually required to produce these
wide bandgap materials exacerbates fundamental material
problems such as residual stress, difference in thermal
expansion coefficient, low energy defect formation and
impurity incorporation. In addition, doping activation and
self-compensation are difficult to control at the typically
high deposition temperatures. Furthermore, the high
concentration of dislocations, resulting mostly from lattice
constant mismatch, typically on the order of 109–1011 cm−2,
must be reduced to improve device performance. Overcoming
these limitations will require the use of native substrates to
grow electronic grade homoepitaxial layers.

The commonly used techniques to grow bulk AlN and
GaN, and a few new approaches are briefly discussed. Also,
a concise discussion of the structural, optical and electronic
properties of bulk and epitaxial films of AlN and GaN is
presented. In addition, a few examples of optical and electronic
devices fabricated on bulk substrates are highlighted.

2. Growth of III-nitride substrates

The III–V nitride (III–V/N) semiconductors crystallize in the
wurtzite structure and cubic structures, such as zinc blende
(sphalerite) or rock salt. The thermodynamically stable grown
structures are wurtzite for bulk AlN, GaN and InN (figure 1)
and zinc blende for BN. The rock salt structure is stable only

Figure 2. Picture of a 2 inch AlN on-axis (c-axis) wafer with ∼85%
usable area. The wafer was cut from a single crystal boule.
(Courtesy of L Schowalter, CIS, USA.)

at elevated pressures [6–8]. The cubic (zinc blende) phase
of GaN and InN are metastable and have been realized only
in thin heteroepitaxial films deposited on highly mismatched
substrates (0 0 1) oriented substrates, e.g. GaAs, InAs, MgO,
Si and β-SiC [9–14].

Bulk III–V/N cannot be grown from the stoichiometric
melts by well-established techniques such as Czochralski or
Bridgman because of the extremely high melting temperatures
and very high nitrogen decomposition pressures [15–17].
Therefore, crystal growers across the world have modified or
adapted different methods requiring lower temperatures and
pressures to grow bulk AlN and GaN semiconductors.

2.1. Growth of bulk and thick-film AlN

S–R, vaporization (PVT) and solution routes have been
successfully used to grow bulk AlN crystals [18]. The nitrogen
vapour pressure over AlN is six orders of magnitude lower
than over GaN, which makes it possible to grow bulk crystals
at atmospheric or sub-atmospheric pressure [19]. Due to
the excessively high melting point, estimated over 2800 ◦C,
AlN cannot be grown from the melt. Bulk AlN has been
successfully grown by sublimation, but the high reactivity
of aluminium gas at high sublimation temperatures (typically
around 2000 ◦C) raises problems with regard to AlN purity and
crucible stability [20–22]. The largest S–R crystal dimension
previously reported was 470 mm3 [22, 23]. The AlN precursor
for this technique, prepared by direct reaction of aluminium
powder and nitrogen at 1850 ◦C, was sealed in a tungsten
crucible and an unseeded multi-grain crystal grew at the rate of
0.3 mm h−1 at 2250 ◦C in a nitrogen atmosphere. Boules grown
by the S–R technique, with growth rate of about 1 mm h−1,
have improved considerably, and wafers of 2 inch diameter
with a usable area of about 85% are produced (figure 2).
These wafers contain large domains, which typically show
x-ray diffraction (XRD) rocking curves with full width at
half maximum (FWHM) of around 28 arcsec and 32 arcsec
for symmetric and asymmetric, respectively, and dislocation
density less than 104 cm−2 [24–27].
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Figure 3. Photograph of a 3 mm thick and 10 mm diameter
crack-free AlN boule grown by PVT. (Courtesy of Z Sitar, DMS&E,
NCSU, USA.)

Bulk growth techniques that minimize the effects
associated with container reactions and impurity inclusions
are highly desirable. Bulk AlN crystals with centimetre-sized
areas have been fabricated using RF energy, oscillating at
frequencies between 450 kHz and 4 MHz at power levels up
to 100 kW, to directly heat the precursor kept at pressures over
100 atm to prevent decomposition. Crystals with XRD rocking
curve FWHM of 27 arcsec have been produced [28]. Large
boules of AlN crystals, with 25 mm diameter and 15 mm in
length, have been fabricated by PVT using AlN powder and
N2 gas as precursors, in the temperature range between 2100
and 2300 ◦C and pressures between 200 and 900 Torr [29, 30].
Seeded growth using selected single crystals from unseeded
growth resulted in larger high-quality single crystals up to
18 mm diameter [31]. These crystals, illustrated in figure 3,
have typically XRD rocking curve FWHM of �40 arcsec.

Large area, ranging from 0.5 to 1.75 inch diameter,
thick (0 0 0 1) AlN films have been deposited on Si and SiC
substrates, at 1000–1100◦C, by hydride vapour phase epitaxial
(HVPE, a fast growth process) technique [32]. Freestanding
(FS) films, accomplished by selective chemical etching of the
sacrificial substrates, were used as seeds to grow AlN boules
of a few millimetres of thickness. Wafers of 200–500 µm of
thickness were sliced from the HVPE grown boules. After
lapping and polishing, selected wafers were used as seeds for
the growth cycle to improve the boules’ crystalline quality.
The typical value of the x-ray rocking curve FWHM of the
(0 0 0 2) reflection is 700 arcsec, using a wide (10 mm×1 mm)
x-ray beam [33]. Despite the inferior crystalline quality, this
approach can immediately provide large-area substrates for
epitaxial growth. Recently, self-separated thick AlN films,
grown by HVPE, have been realized by a three-step growth
approach: namely, a thin low-temperature AlN film deposition
at <1100 ◦C, higher temperature (1450 ◦C) treatment to form
voids underneath the thin AlN film and growth of thick AlN
layer at 1450 ◦C. FS crack-free 85 µm thick substrates were
obtained during the cooling process. Despite this interesting
result, more must be done to reduce the high concentration of
dislocations typically on the order of 1.1 × 109 cm−2 [34].

2.2. Growth of bulk and thick-film GaN

Presently, there are several techniques under development
for producing bulk GaN crystals including vapour phase
transport, growth from supercritical fluids and growth from
flux [35–39]. However, until recently, only high pressure–
high temperature (high nitrogen pressure solution technique—
HPS) and HVPE (a quasi-bulk growth process) methods have
produced relatively large area substrates. In addition to
these techniques, two recently developed approaches will be
highlighted.

Unseeded GaN hexagonal platelets or needles (the latter
formed under higher supersaturation conditions) have been
grown by the HPS method from gallium melts saturated with
1 at% nitrogen at temperatures up to 1700 ◦C and nitrogen
pressures of 20 kbar [40–42]. The supersaturation in the
growth solution is achieved by employing a temperature
gradient of 2–20 ◦C cm−1 along the axis of the crucible. The
nitrogen dissolves at the hotter end of the crucible and the GaN
crystallizes at the cooler end. For a typical process duration
of 150–200 h relatively thin (∼300 µm thick) hexagonal
platelets are grown with a rate of <2 µm h−1, in the

{
1 0 1 0

}

directions (perpendicular to the c-axis), with maximum lateral
dimensions up to 10 mm × 14 mm. The mechanism hindering
the lateral growth of the platelets after 150–200 h can be related
to changes in the mass transport mechanisms in the solution due
to the presence of the crystal [43]. The (0 0 0 2) XRD rocking
curve FWHM of these crystals are typically between 30 and
40 arcsec showing the presence of low angle (1–3 arcmin)
boundaries separating grains of 0.5–2 mm in size [44].
High-resolution transmission electron microscopy studies
indicate that threading dislocations commonly observed in
heteroepitaxial GaN films are not detected in the HPS bulk
GaN, and dislocation densities as low as 102 cm−2 are
frequently observed. Due to the slow growth rate (∼1–
2 µm h−1 along [0 0 0 1] and ∼50–100 µm h−1 along [1 0 1 0])
and the limited final substrate size (hexagonal plates of
10–20 mm in the longest direction with 0.1 mm of thickness,
figure 4) achieved by this self-nucleated technique, a modified
approach using large FS seeds produced by HVPE has recently
been implemented [45]. Preliminary results of this approach
show small growth rates, 1–3 µm h−1, for both the Ga and N
faces, and no growth was verified in the direction perpendicular
to the basal plane. These observations raise questions about
the use of such an approach for the growth of large GaN boules.

Ammonothermal growth of bulk GaN is a modification of
the hydrothermal growth technique developed to grow high-
quality quartz [46]. The latter uses water while the former
uses ammonia (NH3) as the polar solvent. Ammonothermal
growth requires the use of autoclaves with a large volume
of ammonia (36–58%), temperature gradients between 500
and 700 ◦C and pressures in the range 150–400 MPa. Acidic
(e.g. NH4Cl) and basic (e.g. NaNH2 or KNH2) mineralizers
have been employed. The polycrystalline GaN or liquid Ga is
mixed with the mineralizer in the feedstock reservoir, while
the GaN seeds are placed in the higher temperature zone,
in the case of basic mineralizer, or in the colder zone, if an
acidic mineralizer is employed, of the autoclave. The growth
rate is typically 0.1 mm per day [47]. This rate is about
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Figure 4. Large GaN crystal grown by HPS technique: (a) as grown cystal and (b) epi-ready wafer, after mechanical and chemical
mechanical polishing. (Courtesy of M Bockowski, UNIPRESS, PAS, Poland.)

Figure 5. Photograph of 1 and 1.5 inch diameter wafer grown by
basic mineralizer ammonothermal technique. (Courtesy of
R Dwilinski, Ammono, Poland.)

20 lower than quartz-hydrothermal and about 25 lower than
GaN-HPS growth techniques. However, the scalability of
the autoclaves, the very large number of seeds that can be
placed simultaneously and the capability to sustain growth
for many hundreds of hours can overcome the small growth
rate demerit. Previously, this technique succeeded only in
growing needles and platelets of a few millimetres in size, but
recently a few reports demonstrate that large samples could be
grown on FS HVPE GaN seeds [48–51]. Recently, Dwilinski
and co-workers reported the growth of 25–38 mm diameter
wafers (figure 5) characterized by low dislocation density,
typically on the order of 5×103 cm−2, with a very narrow XRD
(0 0 0 2) rocking curve (FWHM of 17 arcsec) and curvature
radii between 100 and 1000 m [52, 53]. To achieve such
impressive results, starting from micrometre-sized crystals,
took over 15 years. Presently, high crystalline quality c-plane
wafers and m-plane slab (17×8 mm2) substrates are produced
[53, 54].

Yamane and co-workers developed a Na-base flux
method at elevated pressures (5–10 MPa) and intermediate
temperatures (600–900 ◦C) to grow self-nucleated prismatic
and platelets of GaN up to 10 mm size, in the longest direction
[55]. Despite the good crystalline quality, verified by XRD
peak FWHM of 25–55 arcsec for the (0 0 0 2) reflection, the
formation of polycrystalline layers prevented the growth of
larger crystals. Recently, it has been found that the addition

Figure 6. Picture of a 3 mm thick 2 inch GaN wafer grown by LPE
based on the Na flux method. Regions with dislocation densities of
about 102 cm−2 and 104 cm−2 are observed across the sample
surface. (Courtesy of Y Mori, DEEIE, Osaka University, Japan.)

of 0.5 at% of carbon powder in the starting metal Ga and
Na precursors suppresses the parasitic nucleation of GaN
crystals in the Na flux method. As a result, a 3 mm thick
GaN film was deposited by liquid phase epitaxy (LPE) on a
2 inch diameter thin GaN film grown on sapphire by organic
metallic vapour phase epitaxy (OMVPE). The estimated
growth rate was 20 µm h−1, which is considerably larger than
that of the ammonothermal technique [56]. Despite the high
concentration of dislocations in the GaN film a significant
reduction in the dislocation density occurs in the overgrown
layer due to the formation of dislocation bundling. It was
verified that three-fourths of the sample has a dislocation
density of about 102 cm−2 (figure 6) and XRD rocking curve
FWHM for the (0 0 0 2) reflection of 28 arcsec [57].
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Industrial production will require a low-cost technique
operating under low to moderate pressure and temperature
growth conditions. Presently, a new approach to grow
GaN from solution, at a nitrogen pressure of ∼0.24 MPa
and a temperature of about 800 ◦C is under development.
Self-nucleated high-quality crystals of ∼10 mm2 area and
300 µm thickness as well as homoepitaxial films have been
demonstrated. These crystals yielded record low XRD rocking
curves and optical phonons FWHM [58].

The HVPE growth processes of III–V/N have been
developing for about four decades [59]. Presently, GaN wafers
of 2 and 3 inch diameter and thickness of 100–300 µm, with
dislocation density typically between 106 and 107 cm−2 are
commercially available. These thick and crack-free GaN films
are deposited on c-plane sapphire substrates, the sacrificial
substrate of choice [60–63]. The substrates are placed on
a 1030 ◦C horizontal susceptor of a hot-wall HVPE reactor.
Ga metal and HCl are pre-reacted to form GaCl gas, which
is transported by nitrogen carrier gas to the hot growth zone
where it reacts with NH3 and deposits GaN on the (0 0 0 1)
sapphire substrate. For a V/III ratio from 20 to 35, a growth
rate between 30 and 100 µm h−1 can be reproducibly achieved.
These thick layers can be removed from the sapphire substrates
by laser-assisted lift-off or by void-assisted self-separation
[60–63]. The growth surfaces of the FS GaN templates
are extremely rough with large number of hillocks, and are
inadequate for homoepitaxial growth. Flat, smooth surfaces
are obtained after mechanical polishing, which introduces
subsurface damage extending up to 4000 Å below the surface.
The polished growth surfaces (Ga-face) are reactive ion etched
(RIE) to remove the damage [61]. Chemical mechanical
polishing techniques have been developed to yield smooth epi-
ready surfaces [64]. Selected wafers have been placed in a
vertical HVPE reactor to grow GaN boules with lengths up
to 0.5 inch. GaN boules of 2 inch diameter have also been
grown directly on AlN/sapphire templates, with a growth rate
of about 200 µm h−1 [65]. These boules can be sawn to
produce polar (c-face {0 0 0 1}) and non-polar (a-face

{
1 1 2 0

}

and m-face
{
11 0 0

}
) substrates. The crystalline qualities of

these substrates have been improving systematically, and XRD
rocking curves with FWHM around or less than 100 arcsec
can be obtained [64, 65]. Despite different approaches
implemented to reduce the high dislocation density, the lowest
values are still in the range 105–106 cm−2, the theoretical limit
for heteroepitaxial growth on non-native substrates.

Thick HVPE GaN substrates have also been realized on
GaAs (1 1 1) using a two-step growth process, such as selective
epitaxial overgrowth, which is basically accomplished by
depositing a low-temperature GaN buffer layer prior to the
growth of the high-temperature film deposited at 1000 ◦C.
These GaN films can be easily removed from the substrates by
selective etching [66]. Films with a thickness of 1.5 mm are
characterized by regions of ∼50 × 400 µm2 with a dislocation
density as low as 3×104 cm−2 and larger regions with densities
of 1 × 107 cm−2 [67]. Using these substrates for device
fabrication requires special handling of the regions with low
dislocation densities.

Low dislocation density HPS GaN substrates were used
for seeded HVPE growth in an attempt to produce high-quality

Figure 7. Schematic diagram of the polar, non-polar and semi-polar
GaN planes curently used for homoepitaxial growth. The
polarization P is indicated.

thick substrates. It was observed that a high concentration
of dislocations was introduced in the HVPE homoepitaxial
film at thicknesses between 50 µm and 100 µm for n-type
conducting and resistive substrates, respectively [68]. To
prevent the incorporation of these dislocations, the HVPE
growth was interrupted before reaching the critical thickness
and the HPS substrate was removed. The thin FS HVPE film
was placed back in the reactor to grow a few millimetres thick
substrate characterized by low dislocation density and sharp
XRD rocking curve [68]. Despite the improved crystalline
quality of the HVPE crystal, no lateral growth was observed
indicating that this multiple-step approach is not adequate for
industrial production.

3. Structural properties of III-nitride substrates

The lattice parameters of semiconductors are affected by
various factors, such as stoichiometry, excess of free carriers,
high concentration of point and extended defects and external
stresses (e.g. heteroepitaxial layers). Therefore, III-nitride
lattice parameters are still not completely determined [70].
The hexagonal (2H) phase of bulk AlN and GaN (wurtzite
structure) belongs to the space group C4

6v or P 63mc,
consisting of two interpenetrating hexagonal, close-packed
lattices (figure 1). The III-nitrides commonly have their
faces perpendicular to the (0 0 0 1) c-axis. These faces,
{0 0 0 1} basal planes, are polar with either nitrogen or
aluminium/gallium termination. These characteristics play
important roles in the physical and chemical properties of
the III–V/N. The use of polar, non-polar or semi-polar
substrates (simplified schematic represented in figure 7)
could affect growth mode and rate, and impurity and defect
incorporation. In addition, anisotropies of physical properties
can be conveniently used for device applications. There has
been considerable controversy with regard to the identification
of GaN face polarities [71, 72]. Presently, there is a common
agreement that the nitrogen-terminated face is chemically
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Figure 8. Room temperature polarized Raman spectra of a
high-quality bulk AlN [77]. The letters inside the brackets represent
the incident and the scattered light polarization, while the letters
outside the brackets represent the direction of the incident and
scattered light. (Reproduced with permission.)

active, whereas the gallium-terminated face is inert. Therefore,
the face polarity can be easily identified by selective chemical
etching techniques [73].

The AlN and GaN wurtzite structure has two molecules
per unit cell. Group theory predicts eight zone-centre optical
modes, namely 1A1 (TO), 1A1 (LO), 2B1, 1E1 (TO), 1E1 (LO)
and 2E2. The two B1 modes are optically inactive, but all of the
six allowed modes have been observed by Raman scattering
(RS) spectroscopy [74, 75].

The room temperature first-order Raman spectra of a high
crystalline quality bulk AlN, measured at two different sample
orientations and light polarizations, are represented in figure 8.
The Raman lines for the allowed modes A1(TO), E1(TO), E2

2,
A1(LO) and E1(LO) are observed at 608.5 cm−1, 667.2 cm−1,
655.1 cm−1, 888.9 cm−1 and 909.6 cm−1, respectively. The
peak positions and record small linewidths of the phonon
lines indicate that low defect and stress free crystals can be
produced. A complete discussion of the RS study of bulk
AlN is presented elsewhere [76]. The GaN Raman shift for
the allowed modes A1(TO), E1(TO), E2

2, A1(LO) and E1(LO)
are 534 cm−1, 559 cm−1, 569 cm−1, 734 cm−1 and 740 cm−1,
respectively. Analyses of the peak positions and linewidths of
the observed first-order phonons confirm the good crystalline
quality and lower biaxial stress of the wurzite FS HVPE GaN
substrates [77].

4. Optical and electronic properties of III-nitride
substrates

Wurzite GaN has the conduction band minimum at the centre
of the Brillouin zone (�-point, k = 0), and has a �7-symmetry
with quantum numberJZ = 1/2. The valence band of 2H-GaN
has its maximum also at the �-point, which results in a direct
fundamental bandgap. As a result of the crystal-field (�cr) and
spin–orbit (�so) coupling, the top of the valence band splits
into three sub-bands with symmetries �9, �7upper and �7lower,
which are traditionally labelled A, B and C, respectively [77–
83]. Reported calculations of AlN generally agree that �cr is
negative and promotes the �7upper band to a higher energy than
the �9 band. However, there is considerable disagreement with
regard to the calculated values for effective masses, crystal field
and spin–orbit splitting [79, 83, 85].

4.1. Bulk and thick-film AlN

Despite the large concentration of residual oxygen in AlN,
typically between ∼1×1018 and 1×1021 cm−3, it is still semi-
insulating (SI) at room temperature. This is due to the fact
that most of the oxygen is not incorporated as a substitutional
shallow donor, but as an impurity forming complexes with
point and extended defects, which are located deep in the gap
and behaving as compensating centres [27, 86–89]. Most of the
oxygen incorporated in single crystal bulk AlN originates from
the Al precursor. High temperature annealing and sintering are
required to reduce the high initial oxygen concentration [90].
Low oxygen content bulk AlN has a record high thermal
conductivity of 270 W mK−1 [27]. Resistivities as high as
8 × 1010 � cm and 1 × 1010 � cm at 300 ◦C and 750 ◦C,
respectively, have been reported for single crystal bulk AlN
[91]. AlN wafers grown by HVPE show a typical resistivity
exceeding 108 � cm at room temperature and 106 � cm at
500 K [33].

Figure 9 shows the low-temperature cathodoluminescence
(CL) spectrum from 2.0 eV to approximately 6.2 eV of an a-
face bulk AlN sample reported in [87], which has a relatively
low oxygen content. In addition to an intense sharp emission
line, the near band edge (NBE) emission around 6.0 eV, two
broad and featureless bands with peaks near 3.5 eV (VB) and
4.4 eV (UVB) are also observed. These broad bands have
been previously associated with oxygen impurities [86, 87].
The high-resolution CL spectrum of the NBE emission is
represented in the inset of figure 9. The continuous line
is the best fit to the experimental data, represented by the
open circles, using Lorentzian line shapes. The intensity
and the sharpness of the lines attest to the high crystalline
quality of the sample. Thermal ionization studies of the
NBE emission strongly suggest that the most intense line at
6.010 eV is associated with recombination processes involving
the annihilation of excitons, with hole from the lowest energy
valence band (FXA), bound to a shallow unknown neutral
impurity, with an exciton binding energy of about 15 meV [92].
The lines at 6.026 and 6.041 eV are observed up to 150 K,
which may be related to the annihilation of free excitons [92].
Detailed optical reflectance studies performed on a-face and
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Figure 9. 5 K CL spectrum of an a-plane AlN sample fabricated by
the S–R technique. The nature of NBE emission and the two broad
emission bands are discussed in the text [92]. The figure inset shows
the high-resolution CL spectrum of the NBE emission. The
assignments of these lines are discussed in the text. (Reproduced
with permission.)

c-face oriented bulk AlN crystals identified and measured the
energy of the free excitons ‘A’, ‘B’ and ‘C’, FXA, FXB and
FXC, respectively. In addition, these experiments yielded the
spin–orbit and crystal-field splitting values of δ = 36 meV and
� = −225 meV, respectively [93]. These results, obtained by
using recently measured accurate dielectric constant values,
confirmed the theoretical prediction of negative value of the
crystal-field splitting [94]. Recently, detailed studies of
temperature dependence of absorption performed in similar
samples show that the room temperature bandgap of bulk AlN
is about 6.0 eV [95]. This value is considerably smaller than
the previously reported value of 6.3 eV.

CL measurements performed on samples fabricated by
RF-assisted PVT and HVPE show the same spectral features
observed in the CL spectra of samples grown by the S–R
technique, despite variations of the relative intensity of the
various emission bands present in the luminescence spectra.
This observation strongly suggests the pervasive character of
impurities and defects incorporated in AlN independent of the
growth technique of choice [28, 33, 87]. Therefore, it is very
important for the progress of this material to find out about
the chemical nature and crystalline structure of the defects to
achieve control of the optical and electronic properties of bulk
AlN.

4.2. Bulk and thick-film GaN

Bulk GaN crystals grown by the HPS method are typically
n-type and degenerate, with temperature-independent carrier
concentrations and mobilities typically between 1019 cm−3

and 1020 cm−3 and 30 cm2 V−1 s−1 and 90 cm2 V−1 s−1,
respectively [96]. This result is consistent with the strong
LO-phonon/conduction electron–plasmons coupling mode
observed in the Raman spectra [96]. Oxygen is assumed
to be the shallow donor responsible for the observed high

Figure 10. 6 K PL spectra of a ∼12 µm thick heteroepitaxial GaN
film (sample 1) and of a ∼150 µm thick FS GaN substrate
(sample 2) [102]. The presence of a variety of sharp excitonic lines
in this spectral region indicates the high crystalline quality of both
samples. (Reproduced with permission.)

concentration of free electrons [97]. The low-temperature PL
spectra of such samples typically show an intense broad band
with a peak around 2.25 eV and a weak and relatively broad
NBE emission with a peak near 3.5 eV [98]. The NBE emission
higher energy shift results from the large concentration of
free carriers causing the semiconductor–metal transition, the
so-called Burnstein–Moss effect [99, 100].

Unintentionally doped (UID) thick FS HVPE GaN films
are also typically n-type, but with much lower background free-
electron concentration than HPS bulk GaN. Detailed electrical
transport experiments of high-quality samples yield a room
temperature carrier mobility of 1245 cm2 V−1 s−1 and a carrier
concentration of 6.7 × 1015 cm−3 for a compensating centre
concentration of 1.7×1015 cm−3 [101]. Assuming an idealistic
reduction of two orders of magnitude of the background donors
and acceptors, to keep the same compensation level, the
maximum mobility at room temperature is expected to reach
1350 cm2 V−1 s−1 [101].

Low-temperature PL spectra of similar UID FS HVPE
GaN films typically show intense recombination emission
lines associated with annihilation of excitons bound to
neutral donors (DoX) and their phonon replicas (nLO-DoX).
Also commonly observed are weak zero-phonon lines from
shallow-donor/shallow-acceptor pairs (DAP) recombination
and their phonon replicas (nLO-DAP). Figure 10 shows the
PL spectra of a ∼12 µm thick heteroepitaxial film (sample 1)
and a ∼150 µm thick FS substrate (sample 2) described in
[102, 103]. The spectrum of sample 2 shows, in the 3.52–
3.46 eV region, emission lines related to the excited state
of the free-exciton A (FX2

A), the ground state of the free-
exciton B (FX1

B), the ground state of the free-exciton A (FX1
A)
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and the dominant exciton bound to a neutral donor (DoX).
Around 3.45 eV, we detect the so-called two-electron satellite
(2ES) spectrum resulting from the recombination processes in
which the neutral donors are left in an excited state after the
exciton annihilation. Note that for energies below 3.42 eV,
we observe the one-phonon replicas of all features listed
above. The PL spectrum of sample 1 shows most of the
features observed in the spectrum of sample 2. However, these
features are broader and smeared, and shifted to higher energies
due to inhomogeneous broadening and compressive strain,
respectively, caused mostly by the substrate lattice mismatch
[102]. A combination of low-temperature high-resolution PL
and IR absorption spectroscopies with high sensitivity SIMS
studies identified Si and O as the two pervasive and dominating
shallow donors in GaN. The impurities’ binding energy values
of 30.19 ± 0.01 meV and 33.21 ± 0.01 meV were obtained
for Si and O, respectively [103–105]. Although n-type bulk
substrates are convenient for the fabrication of optical devices,
SI substrates are the most desirable for the fabrication of
high-frequency devices. Material scientists have employed
different approaches, adequate for each growth technique, to
reduce the background carrier concentration by controlling the
growth conditions and/or doping with impurities to provide the
necessary concentration of compensating centres.

Degenerate HPS bulk GaN substrates, if doped during the
growth with Mg, show increasing resistance with increasing
doping concentration. For Mg doping concentrations between
1019 and 1020 cm−3, resistance as high as 108 � at about 600 K
was observed [105]. Infrared transmission measurements
performed on such samples show no free-carrier absorption
and improved optical properties.

Nominally undoped FS HVPE GaN, which also are
typically n-type with background carrier concentration �1 ×
1017 cm−3, can be grown SI by using intentionally introduced
transition metal impurities during the growth to compensate
the residual donors. Iron concentrations on the order of
1 × 1018 cm−3 are sufficient to compensate unintentionally
incorporated impurities and native defects. The resistivities
of such samples measured at room temperature were larger
than 1010 � cm [107]. Zn doping, with concentrations ranging
between 1018 and 1020 cm−3, was also successfully employed
to grow SI GaN films with resistivities of 1012 � cm at 300 K
and 109 � cm at 500 K [108].

5. Optical and electronic properties of
homoepitaxial III-nitride films

The viability of improved quality bulk AlN and bulk and thick
FS films of GaN substrates opens the possibility of depositing
high-quality device grade homoepitaxial layers and ternary and
quaternary epitaxial alloy layers for the fabrication of high
performance and high yield devices.

5.1. Homoepitaxial AlN films

UID homoepitaxial films deposited by metal organic chemical
vapour deposition (MOCVD) on high-quality S–R bulk
AlN substrates misaligned 10◦ from the c-axis, with a
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Figure 11. High-resolution CL spectra of a MOCVD AlN film
deposited on a sublimation AlN substrate [110]. The details of the
line assignments are presented in the text. (Reproduced with
permission.)

nominal thickness of 0.5 µm and surface roughness typically
of 0.21 nm, have been investigated by variable-temperature
high-resolution CL spectroscopy [109, 110]. The NBE CL
spectrum measured at 5 K, represented in figure 11, shows six
individual lines assigned to recombination processes involving
the annihilation of free excitons and excitons bound to neutral
donor and acceptor impurities. These assignments rely on
detailed thermal quenching studies [109]. These lines are
considerably narrower than those previously observed in the
bulk AlN substrate, which indicates the improved structural
and optical properties of the homoepitaxial layer. Comparison
of the CL spectrum of this homoepitaxial film with the
optical reflectance spectrum of an a-face bulk AlN crystal,
represented in figure 12, confirms the assignments of the lines
associated with recombination processes involving ground
state (FXA) and excited state (FX2

A) free excitons. However,
this reflectance study does not support the assignment of
the small peak at about 6.036 eV to recombination process
associated with the annihilation of FXB, which is represented
by ‘FXB?’ in figure 11 [93, 109]. The energy separation
between FXA and FX2

A emission lines yields a free-exciton
binding energy of 48 meV. Note also that the binding energy
of excitons to neutral donors is about three times larger than
that observed for GaN. It is also important to point out
that the spectral energy position of the exciton bound to the
pervasive donor in bulk AlN is smaller than that reported for
Si-doped heteroepitaxial films. This indicates that Si is not
the pervasive shallow donor in bulk AlN [111]. One can
speculate that oxygen or nitrogen vacancy may be the unknown
shallow donor in AlN. UID homoepitaxial HVPE films of
about 2 µm have also been successfully deposited on FS wafers
grown by HVPE. The increased ratio of the intensity of NBE
emission lines to the intensity of the deep emission bands of
the homoepitaxial layer in comparison with the ratio of these
bands in the HVPE substrates strongly suggests the improved
quality of the homoepitaxial layers [33].
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Figure 12. Optical reflectivity spectrum of an a-face bulk AlN
crystal grown by S–R. The full curve is the best fit of the
experimental data represented by hollow symbols. The CL spectrum
of the homoepitaxial film represented in figure 11 is also depicted to
support the assignment of FXA and FX2

A recombination processes.
(Reproduced with permission.)

5.2. Homoepitaxial GaN films

Epitaxial films have been deposited on bulk HPS GaN
substrates by MBE, using on surface cracked ammonia
as nitrogen precursor, and MOCVD methods [112, 113].
Detailed low-temperature PL and reflectance measurements
were performed on the MOCVD film to identify the nature
of the lines observed in the NBE emission spectral region
[113]. The lines assigned to the recombination process
involving excitons bound to shallow donors have FWHM of
about 100 µeV, indicating the high crystalline quality of the
homoepitaxial layer. XRD experiments performed on similar
structures indicate that the homoepitaxial film has a lower
lattice parameter c than the substrate, which typically has
room temperature free-carrier concentration in excess of 5 ×
1019 cm−3 [114]. Recently, similar experiments were carried
out on 2 µm thick GaN films deposited by MOCVD on SI
ammonothermal substrates. Narrow lines associated with the
annihilation of excitons bound to neutral donors and acceptors
were observed in the low-temperature PL spectra [54]. UID
and Si-doped (�1 × 1017 electron cm−3) homoepitaxial layers
were deposited on FS HVPE GaN substrates with a nominal
surface roughness of about 5 nm by low-pressure MOCVD.
Films with a thickness of about 5 µm were characterized by a
growth surface roughness of about 0.2 nm RMS and reduced
threading dislocation density, as compared with the substrate
[115]. The spectrum in figure 13 marked as Homo-UID,
measured on the UID homoepitaxial film, shows a reduction
in the total intensity of the neutral donor-bound exciton related
emissions and a relative decrease in intensity to the free-
exciton line. The lower energy side of the neutral donor-
bound exciton emission band is also reduced, suggesting that
the dominant donor is at the higher energy side of this band.
This is consistent with the reduction in the concentration of
the neutral donor background in the UID homoepitaxial film.
The PL spectrum of the Si-doped film is characterized by a

Figure 13. High-resolution PL spectra of two MOCVD
homoepitaxial GaN films, an UID (Homo-UID) and a Si-doped,
deposited on FS HVPE substrates, and a FS HVPE substrate [115].
The assignments of the lines associated with excitonic
recombination processes are discussed in the text. (Reproduced with
permission.)

larger increase on the high-energy side of the neutral donor-
bound excitons, indicating that Si is in fact the shallower donor
in GaN [115]. Similar results were observed on UID and Si-
doped GaN epitaxial films grown by molecular beam epitaxial
(MBE) technique on FS HVPE substrates [116]. The UID
film had Si background of 4.5×1014 cm−3 (Si detection limit)
and O background of ∼3.3×1016 cm−3. The low-temperature
PL of this film, depicted in figure 14, clearly shows that the
line assigned to excitons bound to neutral Si impurities is
missing. Also missing are the lines assigned to the Si impurity
in the 2ES spectrum, in the spectral region between 3.445
and 3.455 eV. These observations undoubtfully confirm that
Si is the shallowest pervasive donor in GaN [103, 105]. In
addition, it should be mentioned that the line assigned to the
recombination process of excitons bound to a shallow unknown
acceptor is missing. This strongly supports the assumption
that Si on the nitrogen sublattice site is the unknown shallow
acceptor in GaN [117, 118].

6. Bulk nitride based optoelectronic and electronic
devices

Native nitride substrates, characterized by low concentration
of extended defects and controlled electrical properties, are the
required platform for epitaxial growth of the next generation
III-nitride based devices. It has been pointed out above that
large-area III–V nitride substrates with improved crystalline
quality are under development by a number of research groups
in companies and universities, and promising results have
recently been reported. Some of these improved quality
substrates are commercially available at relatively high cost.
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Figure 14. Low-temperature PL spectra of an unintentionally
oxygen doped homoepitaxial GaN film deposited by MBE on a FS
HVPE substrate [116]. The PL spectra of the FS HVPE substrate
and Si-doped epitaxial samples, represented in figure 13, are also
depicted. (Reproduced with permission.)

However, it is expected that the improved growth technology
and increased productivity will drive the substrate cost down
as experienced in other material systems. To illustrate
the advantage of using bulk nitride substrates for devices
fabrication, a few examples of devices are highlighted below.

Optoelectronic device applications have been the driving
force for III-nitride research. GaN and InGaN can be
conveniently tailored to emit or detect light in the spectral
range between near UV and red. Therefore LED, LD and
photodetector devices based on these two materials deposited
on foreign substrates have been intensively investigated, and
presently largely commercialized. However, the needs of
optical devices with a higher quantum efficiency require the
use of native substrates with dislocation density 4–5 orders
of magnitude lower than these heteroepitaxial templates.
Despite the typical dislocation density of mid-106 cm−2,
FS HVPE substrates have been successfully used for this
application [119]. The wurzite III-nitride semiconductors
have large spontaneous and piezoelectric fields on the [0 0 0 1]
polar direction as indicated in figure 7. While these fields
are useful in the formation of a two-dimensional electron
gas, they are detrimental to optical devices because they
introduce a large separation between electron and hole wave
functions, leading to a reduction in the device quantum
efficiency. Recently, various research groups demonstrated
that higher quantum efficiency LED and LD can be fabricated
on non-polar m- and a-plane HVPE substrates, which do not
show the characteristic blue shift observed on basal-plane
structures under high driving currents [120–123]. It was
reported that the incorporation of In into the InGaN wells

is significantly smaller for non-basal plane substrates, which
makes it more difficult to fabricate green light emitting LED
and LD [124]. Despite this observation, recently 531 nm
emission was obtained from a InGaN LD fabricated on semi-
polar {2 0 2 1} FS HVPE substrates [125]. LDs have also
been fabricated on HPS substrates by MOCVD and MBE
techniques, which have lower dislocation densities than the
HVPE substrates. Under CW operation a maximum power of
215 mW can be achieved in the wavelength range 405–420 nm
[126]. As mentioned above, the epitaxial films deposited on
polar substrates result in the formation of a two-dimensional
electron gas at the heteroepitaxial film–substrate interface,
which is required for the fabrication of high electron mobility
transistors (HEMTs). Room temperature Hall measurements
verified electron mobilities of 1750 cm2 V−1 s−1 and sheet
densities of 1.1 × 1013 cm−2. AlGaN/GaN HEMTs with
output power densities of 4.8 W mm−1 at 10 GHz and off-state
breakdown voltages up to 200 V were realized on HVPE GaN
substrates [127]. Another potential application for bulk GaN
is the fabrication of ultrafast rectifiers. Preliminary results
demonstrate that GaN-based Schottky diodes with breakdown
fields of ∼5.5 kV cm−1 and a recovery time of less than 20 ns
can be realized [128].

Only recently, sublimation grown high-quality bulk AlN
has become available for device fabrication. It is expected
that devices such as solar blind detectors, deep-UV LEDs and
HEMTs, among other devices, fabricated on bulk AlN will
show considerable improvement in performance and yields.
As a proof of case AlGaN-based LED fabricated on bulk
AlN substrates, with electroluminescence emission peak at
300 nm, yielded an output power four-fold higher than that
from a nominally identical device on sapphire substrates [129].
InGaN-based current injection lasers, emitting in the spectral
range 368–372 nm with peak power on the order of 300 mW,
have been realized. In addition, optically pumped AlGaInN-
based heterostructures successfully reach laser emission at
308 nm [128]. A concern is the increasing concentration
of extended defects in the AlGaN film for thicknesses
above 40 nm, the critical film thickness. However, recent
pseudomorphic AlGaN films, with a low dislocation density
and thickness exceeding the critical limit, were successfully
grown [129].

7. Closing remarks

The morphological, structural, optical and electronic
properties of bulk and thick FS HVPE films of AlN and GaN
grown by a number of techniques have been reviewed. The
homoepitaxial layers deposited on some of these substrates
show improved structural, optical and electrical properties
as compared with that of heteroepitaxial films. However,
epitaxial-ready surface is still an important issue to be
addressed in detail. Chemical mechanical polishing and
reactive ion etching (RIE) have been used to achieve epitaxial-
ready surfaces with 0.3–0.5 nm RMS of roughness, but these
processes have not yet been fully developed. The well-
established technology for the fabrication of LEDs and HEMTs
on sapphire and SiC, and the availability and relative low cost
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of these substrates ensure that these substrates will remain
the substrate of choice for the foreseeable future. Therefore,
bulk or quasi-bulk III-nitride substrates may play a role in the
fabrication of devices that require high power density and low
leakage current such as SSL, LD, and high-frequency and/or
high-power devices. The limited availability and size of the
III-nitride substrates and their present high commercial cost are
serious limiting factors for a generalized use of these substrates
for the fabrication of optical and electronic devices.

Presently, an increasing number of R&D institutions are
seeking commercialization of AlN and GaN substrates grown
by a variety of techniques. It is expected that in the long term,
after a few growth techniques and related processes become
fully developed, the present high cost of these substrates will
drop considerably and high-quality substrates will be available,
as experienced in other semiconductor material systems.
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